Neurons that can regenerate their axons following axotomy increase their synthesis and axonal transport of a growthassociated protein, called GAP-43, which has been shown to be identical to the synaptic phosphoprotein B-50. The function of to the process of regeneration is unknown.
We used a polyclonal, affinity-purified antibody against B-50 to study the axonal transport and localization of B-50/ GAP-43-like immunoreactivity (B5OLI) in the regenerating sciatic and facial nerves of adult rats. Quantitative data were obtained by densitometry of the B-50 band in immunoblots of nerve segments, which had been run on SDS-polyacrylamide gels. In the regenerating sciatic nerve, anterograde accumulation at a collection ligature was 3.0 times higher than retrograde accumulation. The mobile fraction of B50LI was only 0.28 of total B50LI and traveled with a mean anterograde velocity of 5.3 mm/hr. B5OLI distribution in the newly regenerated portion of the nerve revealed maximal B50LI levels midway between the position of the crush and the fastest-growing axons. lmmunocytochemistry of this portion of the nerve demonstrated B5OLI to be associated with regenerating axons but also to a large extent with extra-axonal structures outlining the Schwann cell bands of Bungner. This zone of B5OLI-positive Schwann cell bands was found to extend more distally in nerves in which regeneration had processed longer, e.g., up to 5 mm distal to the crush after 3 d and 8 mm after 4 d. Further distal to this zone, many fine regenerating axonal profiles could be detected with B-50 antibody, but were neurofilament negative. These findings raise the possibility of an extra-axonal function of B-50/GAP-43, as this protein might be secreted from regenerating axons and might play a role in axon-Schwann cell interactions during axonal maturation.
Axotomy ofperipheral nerves is followed by changes in neuronal protein synthesis that are thought to be necessary to sustain subsequent axonal regeneration. Since all proteins required for axonal growth have to be conveyed by axonal transport from the cell body to the growing axon, the study of axonal transport in regenerating nerve has revealed changes in components of both slow and fast transport. Thus, there are decreases in the synthesis and transport of neurofilament proteins and increases in tubulin and actin transport relative to normal axons (Hoffman et al., 1985 (Hoffman et al., , 1987 Tetzlaffet al., 1988) . Among the large number of unidentified proteins of fast transport, the most dramatic increase following axotomy is exhibited by a protein designated growth-associated protein (GAP) 43 (Skene, 1984) whose transport increases 50-loo-fold. Interestingly, there is a correlation between the increased synthesis and transport of GAP-43 following axotomy and the ability of axons to regenerate. All peripheral mammalian axons show increased GAP-43 transport following axotomy, but axons of the adult optic nerve and corticospinal tract do not (Skene and Willard, 198 lb; Kalil and Skene, 1986; Reh et al., 1987) . However, optic nerve axons in the goldfish (Benowitz and Lewis, 1983) and toad (Skene and Willard, 198 1 a) , which can regenerate, show increased transport of a GAP-43 analog. This correlation suggests that increased GAP-43 synthesis is necessary for regeneration to occur and implies that this protein plays a vital role in regeneration. Recently, several laboratories have reported that GAP-43 is identical to proteins designated pp46, a component of growth cones (Meiri et al., 1986; Skene et al., 1986) ; Fl, a phosphoprotein implicated in synaptic plasticity (Lovinger et al., 1985) ; P57, a neural-specific calmodulin-binding protein (Cimler et al., 1987) ; and B-50, a synaptic phosphoprotein that is a major substrate for protein kinase C and modulates the activity of the phosphatidylinositol second-messenger pathway (Gispen, 1986; Zwiers et al., 1987) . Information about the biochemistry ofB-50 may permit us to elucidate the functions of GAP-43 in axonal regeneration. Moreover, the availability of specific polyclonal antibodies against B-50 (Oestreicher et al., 1983) has allowed us to examine the localization of this protein, hereafter designated B-50, within regenerating peripheral nerves. As expected, we found that B-50-like immunoreactivity (BSOLI) was rapidly transported in both anterograde and retrograde directions and was localized within newly regenerated axons. Totally unexpected was the finding that in the region of the regenerating nerve containing the highest levels of BSOLI, proximal to the position ofthe fastest-growing axons, BSOLI was associated with Schwann cell profiles of the bands of Biingner. Because preliminary experiments disclosed no evidence of B-50 synthesis by isolated nerve segments, we concluded that B-50 must be secreted from regenerating axons in order to reach the Schwann cell membranes or adjacent basal lamina. This finding prompts a new range of speculations about the function of B-50 in regeneration.
that was mobile over the 6-hr collection period was determined by measuring the depletion of the center segment of the isolated nerve relative to the mean BSOLI content of the isolated segment, on the assumption that BSOLI is neither synthesized nor lost during the collection period. Thus, CLC mobile fraction (MF) = 1 -(B + C + D),~,,,,
Materials and Methods
Animals. Adult male Sprague-Dawley rats weighing 250 to 320 gm were kept at a 14-hr-light/lo-hr-dark cycle and fed with standard diet and water ad libitum.
where B, C, D = the BSOLI of the respective segments (Fig. 1A) and Lx = the length of a segment x.
Accumulation of B-50 at the collection ligatures was defined as Axonal transport of&50. Classical ligature techniques (Bisby, 1982) were used to measure the accumulation of BSOLI undergoing transport in anterograde and retrograde directions. Seven days following a distal crush made on the sciatic nerve at the level of the knee, to induce B-50 synthesis, 2 collection ligatures were placed approximately 9 mm apart on the proximal part of the sciatic nerve, with the most distal ligature at least 10 mm proximal to the original crush site. Six hours later the rats were killed by anesthetic overdose, and the nerves were removed, mounted on cardboard strips, and frozen on dry ice. Subsequently, the nerves were cut into segments as shown in Figure 1A ; each segment was first pulverized with a steel punch at dry ice temperature and then homogenized with a Teflon pestle in an Eppendorf centrifuge tube containing 70 ~1 1% SDS in distilled water (4°C).
Isolation of B-50 immunoglobulins. Antibodies directed to B-50 were raised in New Zealand rabbits by 4 monthly injections (intradermally in the neck), each of about 1 mg, of B-50 in Freund's Complete Adiuvant. The injected B-50 was purified according to Zwiers et al. (1985) from rat brain tissue. The degree of purity of the injected prepar&ions obtained (after flatbed isoelectric focusing; called IEF-B-50) was > 95%, as assessed by SDS-PAGE.
Affinity-purified B-50 IgGs were isolated by incubating the antiserum with a B-50 affinity column. The B-50 (1 mg) used to prepare this column was obtained by electroelution of IEF purified B-50 out of SDS-slab gels. In this way trace amounts of contaminants differing in MW from B-50 were removed. For details of the procedure, see Oestreicher et al. (1983) . From 1 ml of serum. auoroximatelv 30 ug of suecific B-50 IaGs were obtained, which were ;h& dissolved-in 150 ~1 PBS.
Zmmunostaining of B-50 on Western blots. Aliquots of the homogenates of 3-mm sections of sciatic nerve were separated on SDS-containing polyacrylamide slab gels (11% acrylamide) as described before i985) . After electiophoresis the gel was soaked for 20 min in "transblot buffer" (25 mM Tris. 192 mM tivcine. 20% methanol, 0.1% SDS, pH 8.3). Transier of proteins to nitroEeilulo;e (Biorad, Rich: mond, CA) was performed by electrophoresis at 250 mA for 18 hr at 4°C. The blot was air dried, blocked for 30 min at 25 mM phosphatebuffered 0.8% saline, pH 7.4, with 3% BSA, and incubated with B-50 IgGs (about 5 &20 ml of dlocking buffer) for 18 hr at 22°C. Excess antibody was removed by 3 washes in PBS followed by 3 washes with 20 mM Tris-HCl (pH 7.5), 250 mM NaCl, and 0.05% Tween 20 (buffer A) and subsequently was incubated for 2 hr with the second antibody (anti-rabbit IgG-alkaline phosphatase conjugated, Sigma, St. Louis; diluted 1: 1000 with buffer A). Unbound antibodies were removed by 3 subsequent wash steps (buffer A), and finally the blot was incubated with 5-bromo-4-chloro-3-indolyl phosphate (BCIP, 0.5 mg/ml, dissolved in 300 ~1 dimethylsulfoxide and then diluted to 20 ml with 0.5 M Tris, pH 8.8). Intense blue stained bands revealed the position of B-50 within 30 min. Other, faintly stained, bands were also observed. These persisted when the blots were incubated with B-SO IgGs preabsorbed with excess B-50, which eliminated the B-50 band.
Anterograde accumulation (AA) = 2 -
+c+'i and
+c+d and the ratio between anterograde and retrograde transport was simply AA/RA. Velocity of transport was calculated by estimating the length ofnerve whose mobile B-50 moved to the accumulation segment during the 6-hr collection period: Velocity = AAI(B kC$ ") x ff mm/hr. (4) To determine the BSOLI of the regenerating nerve, the right sciatic nerve was crushed proximally, at the fused gemelli and obturator tendon, and 5 d later the rats were re-anesthetized. The position of the fastestgrowing axons was determined by the pinch reflex test (Gutmann et al., 1942) . The animals were then killed, and both sciatic nerves and L5 dorsal root ganglia (DRG) were removed and processed as described above.
Zmmunocytochemistry. The sciatic or facial nerves were crushed twice for 30 set with a pair of Dumont forceps and allowed to regenerate for 3, 4, 5, and 7 d. To visualize the axonally transported B-50 fraction in the sciatic nerve, collection ligatures were placed around a sciatic nerve that had been regenerating for 7 d. These ligatures were placed 10 mm proximal to the-original &ush and were left for 7 hr; ihereafter, the nerves were excised, mounted, and frozen. Another group of nerves was studied 7 d after resection of a IO-mm nerve segment that impeded regeneration and resulted in a neuroma formation.
Determination of relative amounts of B50LZ in nerve samples. Amounts of total protein in the homogenates of nerve segments were determined by the method of Lowry et al. (1951) . Aliquots of 3 ~1 were assayed in triplicate in a volume of 440 ~1. Under these conditions SDS (1%) present in the samples did not interfere with the assay. Amounts of reference B-50 and of B-50 IgGs were determined by comparison of Fast green staining on SDS gels-with known amounts ofBSA. To provide a semiquantitative assay for BSOLI in each nerve segment, calibration curves were constructed using B-50 standards (Fig. 1B) .
Calculations for axonal transport were the same as those used previously for determinations of the axonal transport of substance-P-like immunoreactivity (Bisby and Keen, 1985) . The proportion of BSOLI The fresh facial or sciatic nerves were cut into lo-mm segments, mounted side-bv-side in Tissue-Tek (O.C.T.-comoound. Miles Scientific, NapervillelIL), and frozen on d& ice. In su& a way a distance of 30 to 40 mm could be cut longitudinally on a cryostat at 20 brn thickness. The sections were thaw-mounted on gelatine-chromalumn subbed slides and stored at -70°C. Prior to immunostaining, these were fixed for 20 min in 4% paraformaldehyde which was either Tris-HCl or phosphate buffered (uH 7.4). After several rinses in Tris-HCl or PBS (nH 7.4). the sections were incubated in 1% BSA and 0.02% Triton X-100 in buffered saline for 1 hr. In some experiments, SDS (0.01%) was used instead of Triton X-100. Triton X-100 pretreatment allowed sufficient penetration of the antibodies and gave better tissue preservation than SDS pretreatment, and was therefore used in the micrographs shown. After this pretreatment the sections were incubated with affinity-purified B-50 antibodies diluted 1: 100 to I:200 in PBS for 14-16 hr at room temperature. Both buffer systems gave the same results with respect to the B-50 immunostaining. After several rinses with PBS, the sections were incubated with goat IgG (l.O%, w/v01 in PBS) for 30 min, followed by staining with a rhodamine-labeled goat-anti-rabbit-IgG antibody (Cappel-Cooper Biomedical, Malvem, NY) for 1 hr, and briefly rinsed in PBS. In order to visualize axonal structures, the sections were incubated with monoclonal antibody to neurofilament 160 kDa protein (Boehringer-Mannheim, FRG) in a dilution of 1:20-1:50 in PBS. Bound antibodies were visualized with a fluorescein-labeled goat-anti-mouseIgG antibody (Cappel). As controls, sections were incubated either with rabbit preimmune serum diluted 1:30 and 1:200 or with B-50 antibodies preabsorbed to highly purified B-50 obtained by reverse-phase high performance liquid chromatography (HPLC) as detailed in McMaster et al. (1988) . Controls with only the secondary antibodies gave no staining, and there was no evidence of a cross-reactivity of the 2 secondary antibodies used. Redshaw and Bisby, 1987 (s) , and Bisby, 1985 (M) . Normalized data, as in E. n = 4 (s); n = 5 (M). Electron microscopy. For EM immunocytochemistry, 8 rats whose sciatic nerves had been crushed 5 d previously were perfused with phosphate-buffered paraformaldehyde (2%) plus L-lysine (0.1 M) and sodium periodate (0.05 M) (McLean and Nakane, 1974) . Three-millimeter segments of the sciatic nerves were excised and postfixed overnight in the same fixative at 4°C. They were cryoprotected in 8%, 14%, and 20% dimethylsulfoxide (DMSO) before being shock-frozen in acetone cooled on dry ice. In some samples the cryoprotection/permeabilization with DMSO was substituted with sucrose (lO-30%) with less intense but qualitatively similar results. Cryostat sections were cut at 20 pm and thawed in PBS containing 2% DMSO and 1% BSA. They were subsequently incubated overnight in the primary anti-B-50 antibody, which had been affinity purified (see above) and preabsorbed to normal rat serum. After l-3 d of incubation, the sections were rinsed in PBS and blocked in 1% goat-IgG (Sigma) in PBS with 2% DMSO plus 1% BSA and then incubated for at least 12 hr in goat anti-rabbit-IgGs. After several rinses in PBS, the endogeneous peroxidase activity was blocked in hydrogen peroxide (0.02%) for 1 hr. This was followed by several rinses in PBS and subsequent incubation with an anti-peroxidase-complex that was raised in rabbit (Sigma). Diaminobenzidine 0.5 mg/ml (Sigma) was used as a substrate for peroxidase reaction, followed by glutaraldehyde.and osmium-tetroxide postfixation. Embedding in Epon and light staining with lead citrate/uranyl acetate were performed according to standard protocols. Controls incubated with pre-immune serum of the same rabbit were essentially blank. Preabsorption of the antibodies with an excess (20x) or purified B-50 still showed some residual staining that was similar in its distribution.
Results

Axonal transport
Accumulation of BSOLI both proximal to and distal to the collection ligatures, relative to the average BSOLI within the isolated segment, showed that it was transported in both anterograde and retrograde directions (Fig. 1, C, D) . Anterograde accumulation was 3.0 + 0.47 (mean f SEM, y1= 6) times greater than retrograde accumulation. The mobile fraction was 0.28 f 0.05 (n = 8) of total BSOLI (l.O), and the calculated mean anterograde velocity was 5.3 f 0.72 mm/hr (n = 8).
B50LI distribution in regenerating nerve
BSOLI was greater in L5 DRG on the nerve-injured side: for 4 animals the average increase was a factor of 5.3. Figure 1 E shows the average distribution of BSOLI in regenerating nerve, and Figure 2 shows a typical blot. Proximal to the crush site, BSOLI was 2.3 t 0.58 (n = 7) times greater than in the contralateral uninjured nerve. An accumulation occurred proximal to the site of injury, presumably representing BSOLI in abortive spouts. The highest levels of BSOLI were found in the newly regenerated portion of the nerve, immediately distal to the crush site. This distribution differs from that of total 3H-labeled fast axonally transported proteins (Fig. 19 . BSOLI levels distal to the fastestgrowing axons were low but detectable: this may represent BSOLI intrinsic to cells of the nerve sheath or BSOLI from nerve not yet destroyed during Wallerian degeneration.
Immunocytochemical localization of B50LI
Immunocytochemistry of single 7 hr-collection ligatures of the regenerating (proximal to the primary crush) sciatic nerve also revealed more BSOLI proximal to a collection ligature (Fig. 3C ) than distal to it (Fig. 30) . As expected, there was far less BSOLI in the nonregenerating contralateral nerve of the same animal, but in this normal nerve there was no obvious quantitative difference between distal and proximal accumulations (Fig. 3,   A, B) . BSOLI accumulating at the ligature appeared to be associated with axonal profiles but was also seen extra-axonally in the damaged tissue adjacent to the ligature. The axonal damming of BSOLI is shown in more detail in Figure 3F , taken from the regenerating nerve 0.3-0.5 mm proximal to the ligature. The neurofilament immunoreactivity (NFI) is displayed in parallel (Fig. 3E ). There was consistently more BSOLI in regenerating nerves than in nonregenerating contralateral control nerves. This was most obvious when comparing a transected (and 1 cm resected) sciatic nerve 3 mm proximal to the cut (Fig. 3H) to the contralateral control nerve 7 d after lesion (Fig. 3G) . There was no detectable BSOLI in the distal nerve stump at 7 d after transection when axonal regeneration was hampered by resection of a l-cm-long nerve segment (not shown). The cellular localization of the BSOLI 3 mm proximal to the sciatic nerve crush is visible at higher magnifications in Figure 4 , A-D. Cross sec- (D) to the crush. E and F were taken 0.5 mm proximal to C. Double stain for BSOLI (F) and neurofilament polypeptide 150 (E). BSOLI accumulates in axonal profiles that also show typical axonal damming of NFI (arrows). G, H, B50LI in a non-operated control nerve (G) and in a transected sciatic nerve 3 mm proximal to nerve transection at 7 d after operation (H). Scale bars, 100 pm. tions revealed myelinated axonal profiles moderately stained with anti-B-50 (Fig. 4B, arrowheads) . However, the strongest immunostaining was located between these myelinated nerve fibers (Fig. 4B , large arrows), where it was associated with nonmyelinated Remak fibers that have several small neurofilamentpositive axons (Fig. 4A, small arrows) . This strong association of BSOLI with the Schwann cells of Remak fibers (Fig. 4C , small arrows) was also visible in longitudinal sections (Fig. 4, C, D) . In unoperated control nerves this feature was also visible; however, the immunostaining was far less pronounced (see Fig. 3G ). Distal to the crush site, BSOLI was associated with regenerating axons (Fig. 4F, small arrows) and Schwann cell bands (Fig.  4F , large arrows; 7 d after crush, 8 mm distal to the crush). These Schwann cell bands of Biingner, which stained positively for B-50, were usually associated with very small neurofilamentpositive axons (Fig. 4E) . The majority of the neurofilamentpositive regenerating axons did not display intra-axonal BSOLI (Fig. 4, E, F) , and, conversely, many axonal profiles were positive for B-50 but could not be seen with neurofilament staining (Fig. 4F, small arrows) . Thus, the highest concentration of BSOLI, which was found near the crush site (Fig. lE) , was associated with Schwann cell profiles rather than axons. This zone of Schwann cell-associated BSOLI moved down the nerve as regeneration of the axons proceeded: its distal boundary was 3-4 mm distal to the crush at day 3, 9-10 mm at day 5, and 14-15 mm at day 7. However, further distal to this zone many small-diameter axonal profiles were visible with BSOLI staining but were NFI negative. Regeneration of these fastest growing axons, as revealed by BSOLI, extended 11 mm distal to the crush on day 3 and 17-20 mm on day 5, giving a regeneration rate of 3-4.5 mm/day, which was in agreement with pinch-reflex data (Bisby, 1978) .
The sciatic nerve contains a variety of different nerve-fiber types that may differ in their time course of regeneration and/ or in their B-50 content. In order to obtain a less complicated picture of the sequence of events, we also examined the regenerating facial nerve, which consists largely of motoneuron axons. The regenerating facial nerve was studied 3, 4, and 5 d after crush. Cross-sectioned areas of the regenerating nerve proximal to the crush revealed BSOLI in the axonal profiles that also stained with neurofilament antibodies (Fig. 5, A, B) . As there are virtually no unmyelinated axons in the facial nerve, no unmyelinated fibers were stained with BSOLI. At the crush site and several millimeters distal to the crush, Schwann cell bands of Biingner were BSOLI positive (Fig. 5, D, F, H) . This zone of BSOLI in Schwann cell bands extended about 4-5 mm distal to the crush site by 3 d (Fig. 5H) , and 7-8 mm distal to the crush on day 4 (Fig. 5D) . The BSOLI-positive Schwann cell bands were often associated with small regenerating axons, which were neurofilament-positive (Fig. SC, arrows) . When they were associated with a B-50-positive Schwann cell band, it was in most staining of Schwann cell bands and axons distal to the crush in regenerating nerves (Fig. 6B) . The same was true for the staining with the pre-immune serum at equal total IgG concentrations to the B-50 antibody (Fig. 60 .
The results of EM immunocytochemistry were in accordance with the light-microscopic findings. Proximal to the crush site, some unmyelinated axons contained dense reaction product whereas others did not. Myelinated axons contained very little reaction product (Fig. 7A) . In the proximal part of the regenerated region of nerve, where light immunocytochemistry revealed immunoreactivity associated with bands of Biingner, regenerated axons contained intra-axonal reaction product, but it also outlined Schwann cell and axonal surfaces (Fig, 7, B, CT) . In more distal regions of regenerated nerve, reaction product was concentrated in axonal profiles, some of which were packed with vesicular material and may be growth cones, with relatively little associated with Schwann cell surfaces (Fig. 70) .
Discussion
The fast anterograde and retrograde transport of BSOLI is in accord with its identity as GAP-43, which is well known as a prominent protein of fast anterograde axonal transport in regenerating nerves (Skene and Willard, 198 1 a) . Retrograde transport of labeled GAP-43 also has been demonstrated (C. Leonard and M. A. Bisby, unpublished observations). However, studies using radioactively labeled GAP-43 give an incomplete picture of the distribution and dynamics of this protein within regenerating nerve. The use of antibodies in the present study shows the existence of the majority (74%) of the BSOLI in the nerve in a static or slowly moving form, and a relatively small amount of retrograde transport of BSOLI in regenerating nerve compared to anterograde transport (1:3.2). The mean velocity of BSOLI transport also is consistent with the fast axonal transport of GAP-43, although the calculated velocity (5.3 mm/hr) is less than the velocity of the fastest moving components of fast transport (about 17 mm/hr) (Ochs et al., 1969) . However, we cannot conclude that this discrepancy is due to the transport of BSOLI in a different type of organelle from that containing the fastestmoving material. The maximum velocities were obtained from the front of a radiolabeled wave, and some material within the wave is traveling more slowly than the front because the wave becomes dispersed as it travels along the axon (Munoz-Martinez et al., 198 1). Caution must also be used in interpreting the significance of the small retrograde transport of BSOLI. It is possible that the structure of the B-50 molecule is altered prior to its retrograde transport, as happens for some other components of fast transport (e.g., Zarbin et al., 1983 ) so that it is detected at a lower efficiency by the antibody. Nevertheless, the findings that most of the BSOLI within the nerve is stationary, and that there is relatively little retrograde transport of BSOLI in regenerating axons, are consistent with the surprising imcases not possible to detect these small axons with B-50 immunocytochemical findings that suggest that BSOLI is secreted munostaining. BSOLI within these bands could not be localized from regenerated axons. unequivocally; however, it appeared to spare the myelin debris Localization of BSOLI to the newly regenerated nerve segment that usually fills these cells (Fig. 5F , arrowheads) and to be was anticipated from the finding that a protein concentrated in associated with the outer Schwann cell profiles (Fig. 5F ). Further growth-cone particles (~~46) is identical to GAP-43 (Meiri et distal to the zone of BSOLI-positive Schwann cell bands, near al., 1986; Skene et al., 1986) . However, it is clear that BSOLI is the maximum outgrowth distance, many fine axonal profiles not localized exclusively to or concentrated within the growthcould be detected with the B-50 antibody (Fig. 5, G-Z) . These cone region of the axon, because strongly reactive axons could distal parts of the regenerating axons did not stain with neube identified several mm proximal to the presumed site of the rofilament antibodies (data not shown).
growth cones. The presence of BSOLI in other regions of axon Control incubations with B-50 antibodies that had been suggests that its function is not restricted to some process, such preabsorbed to HPLC-purified B-50 did not show the typical as outgrowth, that is exclusive to the growth cone. A and B were taken at the same photographic and print exposures; the exposure of C is equivalent to Figure 3F . Scale bars, 100 pm.
Although some axons can be found within the regenerating section of sciatic nerve that contains both neurofilament and BSO-like immunoreactivity, we were struck by the lack of correspondence (Fig. 4, E, F) . B-50-positive axons lacking neurofilaments are presumably newly regenerated: since axonal elongation rate is greater than neurofilament transport rate, newly regenerated axons would be expected to lack neurofilaments (Tetzlaff and Bisby, 1989) . Neurofilament-positive axons lacking distinct BSOLI are more difficult to explain because axonal transport of GAP-43 remains elevated in sciatic sensory axons for weeks after the axons have regenerated through this region of nerve close to the crush site (Bisby, 1988) . It is possible that different neuronal types represented in sciatic nerve express B-50 to different extents during regeneration. This is suggested by our observation of intense BSOLI associated with small-diameter unmyelinated axons proximal to the injury site (Fig. 4A-D) . However, when BSOLI is locally elevated by ligating the nerve, there is good correspondence between B-50 and NFI in the swollen portion of the axons (Fig. 3, E, F) . Thus, we suspect that the levels of BSOLI in some regenerated axons fall below the threshold for immunocytochemical detection.
The possibility that the extra-axonal localization of BSOLI detected in both facial and sciatic nerve is artifactual must be considered, although it is unlikely. First, distal regions containing exclusively intra-axonal B50LI and more proximal regions with intense labeling of bands of Biingner were observed in the same section of nerve: a diffusion artifact occurring during processing would be expected to affect the section uniformly. Second, the zone of extra-axonal labeling was more distal in nerves in which regeneration had proceeded for a longer time, suggesting that this phenomenon represents a time-dependent stage in the maturation of the regenerating nerve. Third, no additional strongly immunoreactive bands were observed on blots of the region of nerve containing extra-axonal labeling compared to regions where labeling was intraneuronal (Fig. 2) . Fourth, neither intense intra-axonal nor band-of-Biingner labeling was observed when pre-immune serum was used. Fifth, when B-50 antiserum was preabsorbed to B-50 purified by reverse-phase HPLC, specific staining, both intra-and extra-axonal, was abolished. Sixth, the results of immunocytochemistry at the light and EM levels were complementary.
In general, our results on BSOLI localization within the nerve are in agreement with those reported by Verhaagen et al. (1986) : Specifically, they reported BSOLI in regenerated nerve to be at levels 5 x normal at the crush site and 1.8 x normal proximal to the crush site 6 d after axotomy. Our corresponding values at 5 d were 7.2 x and 2.3 x. However, these authors did not examine axonal transport.
The extra-axonally located BSOLI might be a result of synthesis of B-50 by nerve-sheath cells. This is unlikely, because in preliminary experiments we found no evidence for synthesis of B-50 by isolated nerve segments in vitro, which is in line with the finding of Basi et al. (1987) who did not detect any GAP-43 mRNA in normal or crushed sciatic nerve segments from adult rats. However, Verhaagen et al. (1988) reported a remarkable increase in BSOLI at the neuromuscular junction degenerating within 2 d of denervation, which in sectioned nerves declined thereafter but which in crushed nerves was followed by a second phase of increase presumably due to the arrival of regenerating axons. During the initial (degeneration) phase of BSOLI, reaction product was localized between Schwann cells at the neuromuscular junction, but this was not observed during the secondary (reinnervation) phase. Whatever the mechanisms responsible for the extra-axonal BSOLI observed at degenerating terminals by Verhaagen et al. (1988) we do not think that our observations were of the same phenomenon. We did not observe extra-axonal reaction product associated with degenerating axons in regions of nerve distal to the growth cones (although we did not examine neuromuscular junctions). Furthermore, we found extra-axonal BSOLI in regions of nerve occupied by axons that contained mature regenerated axons: regions containing the growth cones and newly regenerated axons showed very little extra-axonal BSOLI. These 2 immunocytochemical reports are at least complementary in showing that BSOLI is detectable extraneuronally.
Another possibility for the extra-axonal localization of BSOLI that we observed is that it is secreted from axons. Although B-50 behaves as an integral membrane protein (Dosemeci and Rodnight, 1987) , the amino-acid sequence ofGAP43/P57/B50 (Basi et al., 1987; Cimler et al., 1987; Karns et al., 1987; Kosik et al., 1988; Ng et al., 1988; Nielander et al., 1988) does not reveal potential membrane-spanning regions. If BSOLI is associated with the inner face of the membrane vectors of fast axonal transport, it could be secreted from the axon by exocy-Transport and Localization of B-50 Figure 7 . EM immunocytochemistry of rat sciatic nerve, 5 d after crush lesion. A, 3 mm proximal to crush. Dense reaction product is visible within some unmyelinated axons (large arrows) but not others (smaN arrows). Little or no reaction product is associated with myelinated axons. B, C, 3 mm distal to crush. B, Reaction product fills some small axons (large arrows) that have regenerated along Schwann cells. Reaction product is also associated with the Schwann cell membranes (small arrows). C, At higher magnification, reaction product associated with regenerated axons (asterisks) and Schwann cell membranes (arrows) but not with the Schwann cell cytoplasm. D, 9 mm distal to crush, dense reaction product in very small axons (arrows) and expanded vesicle-containing structures, which may be growth cones (asterisks). Note less extensive labeling of Schwann cell membranes. Scale bars, 1 pm.
tosis. Such an exocytosis was reported for at least 5 rapidly transported polypeptides from regenerating bullfrog sciatic nerve (Tedeschi and Wilson, 1987) . Unfortunately, the gel system used in those studies probably excluded the frog homologue of GAP-43. Similarly, evidence for an axonal secretion of AChE (16S isoenzyme) from regenerating axons in the facial nerve of guinea pig has been provided in an EM histochemical and biochemical study (Engel et al., 1988) . Thus, the release of another fastaxonally-transported protein is not a priori unlikely.
The function of GAP-43/B-50 in axonal regeneration remains unknown. Because there is a correlation between its increased synthesis following injury and its ability to regenerate an axon, and because the relatively specific blockade of synthesis of the frog homolog by tunicamycin (Perrone-Bizzozero and Benowitz, 1987) also inhibits regeneration (Heacock and Agranoff, 1982) this protein is thought to be involved critically in axonal elongation. Our finding that BSOLI is localized extraneuronally as well as within regenerating axons raises the possibility that GAP-43/B-50 is also involved in axon-Schwann cell interactions that are important to the maturation of regenerating axons.
